Abstract Manganese is used as a key alloying element in various advanced steel products to improve their mechanical properties. The authors have proposed an innovative process to recycle Mn from steelmaking slag. In this process, steelmaking slag is first sulfurized to separate P and Mn, and then the matte is oxidized to increase the Mn/Fe ratio. The equilibrium distribution ratio of Mn, Fe, and Ca between slag and matte has been already clarified. To design an industrial process, a kinetic model to simulate the various reactions that occur simultaneously between the matte and slag was developed by applying the coupled reaction model. In this kinetic model, the mass transfer was calculated by the double film theory by assuming the equilibrium at the interface. The calculation results agreed well with the concentration changes of each element in the matte and slag obtained by experiments. The optimum conditions for the treatment were discussed using this model, and multi-step sulfurization and oxidation processes were proposed.
Introduction
Manganese is used as a key alloying element in various advanced steel products to improve their mechanical properties. The annual global production of ferromanganese alloy (Fe-Mn alloy) has increased by a factor of 1.5 from 2006 to 2012, although the production of crude steel has increased only by a factor of 1.25 [1] . Thus, the increasing demand to produce advanced steels has led to an increase in Mn consumption. In Japan, the domestic production of ferroalloy has been shut down because of the high cost of electricity with the exception of high-C FeMn, and the demand for high-purity Fe-Mn as an alternative to metallic Mn, which is imported from China, is increasing [1] . Because we do not have a domestic natural resource, about 70 % of Mn ore is imported from South Africa and about 20 % from Australia [2] . However, the amount imported to China is increasing exponentially, and the establishment of a stable resource is necessary. Thus, Mn has been designated as one of the national stockpile elements in Japan, and sufficient alloy for 60 days of national consumption is stored in warehouses [3] . However, Nakajima et al. [4] have studied the material flow of Mn in Japan and shown that the amount of Mn consumed as an alloying element in the steelmaking process is almost equal to that disposed in steelmaking slag [4] . Because a great amount of steelmaking slag is discarded every year, we are squandering a very useful source of Mn.
To use steelmaking slag as a valuable source of Mn, it is necessary to separate P from Mn because steelmaking slag contains about 2-5 mass % of P 2 O 5 . The authors have proposed an innovative process to recycle Mn from steelmaking slag via the sulfurization of slag because phosphorus sulfide is unstable at high temperature [5, 6] . The process begins with the sulfurization of steelmaking slag to
The contributing editor for this article was B. Mishra. form a Fe-Mn sulfide (matte) and to separate P. The obtained matte is then oxidized to form a Mn-rich oxide without P. High-purity Fe-Mn alloy can therefore be produced via reduction of the Mn-rich oxide phase. Fundamental experiments were performed to clarify the influences of the slag basicity and temperature on the distribution ratios of P, Mn, Fe, and Ca between the matte and slag [7] [8] [9] [10] . The results showed that the P content in the matte was close to zero. In addition, the distribution ratio of Fe and Mn between the matte and slag increased with the slag basicity, but the distribution ratio of Ca was small for all cases. With the measured equilibrium distribution ratio and the mass balance, the authors demonstrated that most of the Mn in steelmaking slag was distributed to the matte during sulfurization, but the Mn/ Fe ratio in the matte was low. However, in the oxidation treatment of the matte, which was formed by the sulfurization of slag, the Mn/Fe ratio in the oxide increased, although the distribution ratio of Mn was low [11] . Therefore, a multi-step oxidation treatment was proposed, in which the matte was oxidized several times while changing the oxide flux [12] .
To design an industrial process based on these results, a kinetic model was developed to simulate the reactions between the matte and slag [13] . This paper explains the details of the kinetic model based on a coupled reaction between the matte and slag. Moreover, this model was used to determine the optimum conditions for the sulfurization of steelmaking slag to separate P and the oxidation of matte to increase the Mn/Fe ratio.
Kinetic Model for the Reactions Between Matte and Slag
During the steelmaking process, many reactions occur simultaneously. To analyze this situation, the coupled reaction model [14] is a useful method that makes it possible to calculate the reaction kinetics that occurs between the molten slag and metal phases. In this model, reactions are described using the double film theory, which assumes equilibrium conditions at the slag-metal interface. This model has been widely applied to many processes in steelmaking, i.e., hot metal pretreatment [15] , BOF [16] , and secondary refining [17, 18] . Many reactions occur simultaneously in the sulfurization of slag or the oxidation of matte, as shown in Fig. 1 . Therefore, the basic concept of the coupled reaction model can be applied to the analysis of the reaction kinetics between the matte and slag. In the case of reaction between the slag and metal, the oxidation reaction of element ''M'' is given in Eq. 1, and the molar flux density is expressed as a function of the oxygen activity at the interface.
Based on this concept, the reaction of the oxide and sulfide of the element ''M'' is given in Eq. 2 for the case of the slag and matte reaction:
The molar flux density of the cation M (J M ; mol/m 2 /s) can be represented by Eq. 3.
where k S and k M are the mass transfer coefficients in the slag and matte (m/s), respectively, and q S and q M are the densities of the slag and matte phases (kg/m 3 ), respectively. N MO and N MS are the molar weights of MO and MS, respectively. By assuming equilibrium at the interface, the relationship between (%MO)* and (%MS)* can be represented by Eq. 4.
In this equation, K 1 is the equilibrium constant, and P O 2 Ã=P S 2 Ã is the ratio of the partial pressures of oxygen and sulfur at the interface. These equations are written for all cations in the system. Because the interfacial content can be deleted by the combination of Eqs. 3 and 4, J M can be described as a function of the ratio of the partial pressures of oxygen and sulfur at the interface P
. When the equations for J M of every cation are inserted into Eq. 5, which indicates the condition for electric neutrality, the value of P S 2 =P O 2 at the interface can be evaluated. Then, the concentration change for all cations in the slag and Fig. 1 Concept of the kinetic model for the reaction between matte and slag. The superscript * indicates the interface matte phases can be calculated by using the evaluated value of P
. The difference between this calculation and the calculation for slag and metal system is that the molar flux density is calculated as a function of P
instead of the oxygen activity at the interface.
For the calculation, the precise estimation of the activity coefficients of oxide and sulfide is imperative. The authors have already confirmed [9, 10] that the activity coefficient of MO (c MO ) in slag can be calculated using a regular solution model [19] . The equilibrium relation between matte and slag, which was measured in a previous paper [10] , can be used to evaluate the activity and the activity coefficient of sulfide. However, a reliable calculation model of the activity coefficient of sulfide in matte has not been proposed. Therefore, here, the activity coefficients of MnS, FeS, and CaS (c MnS , c FeS , and c CaS ) were formulated as a function of P O 2 =P S 2 according to the experimental results [13] , and the following equations were obtained.
Theoretically, the activity coefficient is determined by the composition and temperature, but a reliable relation was not obtained by a regression analysis of the experimental results. In this experiment, the matte was not pure sulfide but oxi-sulfide, and the influence of the oxygen content of the matte on the activity coefficient was considerable. Therefore, in this study, the activity coefficient was formulated as a function of P O 2 =P S 2 , which affects the oxygen content in the matte.
In addition, the mass transfer coefficients of slag and matte (k S and k M ) have to be determined for this calculation. In the case of metal and slag, the mass transfer coefficient of metal is generally 3-10 times larger than that of the slag [14, 20] . The viscosity of matte is about 10-100 times larger than that of slag [21, 22] , and the diffusion coefficient in matte is about 10 times larger than that in slag. However, the viscosity of molten steel is about 100 times larger than that of slag [21] , and the diffusion coefficient in molten steel is about 100 times larger than that in slag [21, 23] . Therefore, the ratio of the mass transfer coefficient between slag and matte is assumed to be smaller than the ratio between molten steel and slag. Because the ratio of the mass transfer coefficient between molten steel and slag is in the range of 3-10, it is reasonable to use the same values for k S and k M . The value of k S (and k M ) is determined to fit the calculation curve with the experimental result. The difference in the values for each cation was not considered.
To apply this model to the laboratory-scale experiment, the dissolution rate of MgO from the crucible to the slag has to be considered because the interfacial area between the crucible and the slag is relatively large. Generally, the mass transfer of MgO in slag is assumed to be the ratecontrolling step for the dissolution of MgO from a refractory to slag [23] . In this case, Eq. 9 can be written as follows:
Given this equation, the dissolution of MgO in the slag phase can be described by the following equation. 
In Eq. 9, A is the interfacial area between the slag and the refractory material (m 3 ), k MgO is the mass transfer coefficient of MgO in slag (m/s), and V is the volume of slag (m 3 ). In addition, (% MgO) Sat. and (% MgO) Init. indicate the saturated and initial MgO contents, respectively. In this study, (% MgO) Sat. was determined as a function of the sum of the FeO and MnO contents in the slag, which were experimentally obtained in our previous research [10] . The value of Ak/V in Eq. 10 was determined such that the calculation results agreed well with the experimentally observed changes in the MgO content, as shown in Fig. 2 . Table 1 lists the compositions of the matte and the slag before the experiment. Experiment C simulated the sulfurization of steelmaking slag, and experiments A and B simulated the oxidation of the matte. The slags for A and B were melted in a SiO 2 crucible for 1 h for preparing SiO 2 -saturated liquid slag, because, according to the equilibrium experiment, the acid slag increased the Mn/Fe ratio [10] . After pre-melting, matte and slag were quenched in water and crushed. Steelmaking slag for C was prepared by a mixture of reagent-grade MnO, MgO, Ca 3 (PO 4 ) 2 4 and carbon powder was prepared in an appropriate mole ratio (1:4). Then, half of the amount of FeS was put in an MgO crucible, and a mixture of CaSO 4 and C was charged on the FeS in the crucible. Finally, after charging residues of FeS, the matte sample and the crucible were heated at 1723 K under Ar for 3 h.
In order to investigate the kinetic reaction between matte and slag, 7.5 g of was placed in a MgO crucible (19 mm in inner diameter and 45 mm in height), and 3 g of slag was placed on the matte. The atmosphere in the furnace was maintained by blowing Ar gas. The reaction time was set to 600-2400 s. After holding for a given time, the sample was withdrawn from the furnace and quenched using He gas. The quenched samples were then ground, and the obtained matte and slag powder were collected carefully. The Fe, Mn, Mg, P, and Ca contents of the matte and slag were analyzed by inductively coupled plasma atomic emission spectroscopy (ICP-AES). The concentrations of SiO 2 were analyzed by the alkali-fusion method and a gravimetric method.
Results
Figures 3, 4, and 5 show experimental results for the slag and matte obtained from experiments A, B, and C, respectively. These figures also show the calculation results given by the kinetic model. For these calculations, the value of k S (or k M ) was determined such that the calculation line agreed with the experimental result. The actual calculated value of k M was 0.0015 m/s, which is close to that used for the slag/metal reaction in a laboratory-scale experiment [20] . The overall mass transfer coefficient (k ov ) is described by the following equations, where L is the equilibrium distribution ratio and X M and X S are the mole fractions of X in the matte and slag, respectively.
In this case, the value of L was about 250 because E M in Eq. 4 for each reaction was about 0.002 and ðP S 2 =P O 2 Þ 1=2 was about 0.2. Therefore, under the assumption that k S = k M , the reaction rate is strongly controlled by the mass transfer in the matte.
As shown in Figs. 3a and 4a , the FeO content in the slag decreased, whereas the MnO and CaO contents increased with the reaction time. In contrast, the Mn and Ca contents in the matte decreased, and the Fe content increased, as shown in Figs. 3b and 4b . The change in the SiO 2 content in the slag was not remarkable because Si oxide is much more stable than Si sulfide. This implies that the oxidation of Mn in the matte was caused by FeO in the slag. As mentioned above, the MgO content in the slag increased because of the dissolution of the MgO crucible. On the other hand, Fig. 5 shows the reaction between the Fe-Ca matte and the steelmaking slag. Our previous studies [7] [8] [9] [10] confirmed that Si, Mg, and P were hardly distributed to the matte. According to the chemical analysis, the concentrations of Mg and Si in the matte were below 0.5 mass %, and the P content was below 0.1 mass %. This implies that these elements were not involved in the reaction between the matte and the slag. Therefore, the concentrations of SiO 2 and P 2 O 5 in the slag were almost constant, as shown in Fig. 5a ; the increment in MgO was caused by the dissolution of the MgO crucible. In addition, the concentrations of MnO and FeO decreased and that of CaO increased with time. As shown in Fig. 5b , the Mn in the matte increased and the CaS decreased with time. This indicates that the MnO in the slag can be sulfurized by CaS-FeS matte. Because the mass balance of the experimental result was not accurate, it was difficult to fit the calculation curve to all data of the experiment. The reason for the disagreement between the mass balances is unclear, but it may be due to the emulsion of matte particles in the slag phase (and vice versa) or the non-uniform condition of the liquid phases. However, the general trend of the composition change can be calculated using this model. By using the developed model, the optimum conditions for the sulfurization of slag and the oxidation of matte can be determined.
Discussion

Sulfurization of Slag
In the proposed process to recover Mn from steelmaking slag, the first step is the sulfurization of slag. In this simulation, 1000 kg of steelmaking slag, which had the composition shown in Table 1 , was sulfurized by the addition of matte. The initial compositions and added mass are shown in Table 2 . The treatment temperature and time were 1723 K and 3600 s, respectively. The diameter of the furnace was assumed to be 1 m, and the interfacial area was calculated geometrically. The mass transfer coefficients of both the slag and the matte were assumed to be 0.002 m/s. This value was calculated using the empirical equation originally proposed to calculate the mass transfer coefficient of the metal phase under Ar gas bubbling [20] . Figure 6 shows the influence of the ratio of the initial masses of slag and matte (R S/M ) on the Mn yield and {Mn} after the treatment by each matte with a different initial composition. When the weight ratio of the slag and matte was constant, the Mn yields increased with the CaS content in the initial matte, but the increments of {Mn} were insignificant. However, {Mn} increased with an increase in R S/M even though the Mn yields were in inverse proportion to R S/M . The Mn yield is related to the distribution ratio between the matte and the slag and can be improved by increasing P À Á . For the effective recovery of Mn from steelmaking slag, the ratio of Mn to Fe in the product must be increased after sulfurization. In this purpose, the control of P S 2 =P O 2 at the interface at the appropriate value is the most important factor. In the industrial process, P S 2 and P O 2 are determined by the mass ratio of the slag and matte, the additional rate of flux, the stirring condition, etc. However, in this experimental condition, the slag/matte ratio has the greatest effect on this value. When used matte was added to fresh steelmaking slag repeatedly, it is expected that the {Mn} content would increase, maintaining a high Mn yield. Figure 8 and Table 3 present the concept of this multi-step sulfurization process and the simulation conditions for each step, A-IV 4 65 21 14 Fig. 9 The relations of Mn yield and {Mn} content in matte with R S/M after a single-step treatment compared with those after the multi-step treatment respectively. In this table, the initial matte compositions were obtained from the simulation result of the previous step. When the fresh steelmaking slag was charged on the matte N times, the Mn yield can be expressed as follows:
Mn yields ð%Þ ¼ W:Mn Matte .
In the case shown in Fig. 9 , the value of N is 4. As shown in Fig. 9 , by carrying out the multi-step treatment, the Mn yield and {Mn} increased remarkably compared with a single-step treatment.
Oxidation of Matte
Despite the multi-step treatment of sulfurization, the Mn content of the matte was not sufficiently high to produce a Fe-Mn alloy. Therefore, it is important to form a Mn-rich oxide phase by oxidation of the matte. The authors have already proposed a multi-step oxidation treatment based on thermodynamic data [12] to increase the ratio of Mn/Fe in the oxidized slag with a high Mn yield. The kinetic model was applied to the multi-step oxidation treatment. In this process, first, CaS in the matte is preferentially oxidized to form MnS-FeS matte (Ca removal step). Then, the residual matte is oxidized several times by changing the oxidized flux to increase the Mn/Fe ratio in the slag (Mn oxidation step), as shown in Fig. 10 .
Initially, the Ca removal step was calculated. Table 4 lists the compositions and masses of the oxidized flux and matte before the Ca removal step. The compositions of the initial oxidized flux were determined to form a liquid phase in the FeO-MgO-SiO 2 ternary system [24, 25] by assuming that the MgO content is 15 mass %, and the mass ratio 
where W.M Matte Initial and W.M Matte denote the mass of element M in the matte before and after oxidation, respectively. It is clear that {Ca} decreased as R S/M increased, and the removal ratio of Ca was close to 100 % when R S/M increased to 0.8 or more. However, the removal ratio of Mn increased when R S/M increased to 0.8 or more. Figure 12 shows the influence of FeO/SiO 2 when R S/M was 0.8. The removal ratio of Ca increased as the FeO/SiO 2 ratio increased and then decreased when the FeO/SiO 2 ratio increased to 0.7 or more. The removal ratio of Mn gradually increased as the FeO/SiO 2 ratio increased. Therefore, as the initial flux, a value of 0.8 for R S/M and 0.7 for FeO/ SiO 2 are the optimum conditions for the preferential oxidation of CaS in the matte.
Then, the optimum conditions for Mn oxidation step to produce the oxidized slag with high Mn/Fe ratio were determined. In this simulation, 2000 kg of matte formed after the Ca removal step was oxidized by the addition of 1000 kg of oxide (R S/M is 0.5). The treatment temperature, time, and diameter of the furnace were the same as those used in the Ca removal step. In the Mn oxidation step, the flux to oxidize the matte was discharged, and a fresh flux of oxide was added several times to avoid the decrease in the Mn/Fe ratio of the oxidized slag. Table 5 lists the compositions of the oxidized flux and matte for the calculation. The matte composition of A was determined by the calculation result of the Ca removal step. The matte composition of A-III and A-V indicates that the composition after the oxidation treatment was repeated 3 and 5 times, respectively. In each treatment, R S/M was 0.5, and FeO/ SiO 2 was 0.3. The treatment time and temperature were the same as in the other cases. Oxid-5 20 65 Fig. 11 The influence of R S/M on the content of the matte and the removal ratio of Mn and Ca after the treatment Fig. 12 The influence of FeO/SiO 2 on the content of the matte and the removal ratio of Mn and Ca after the treatment By changing the ratio of FeO/SiO 2 in the oxidized slag, the mass ratio of MnO/FeO (R MnO/FeO ) and Mn yields were evaluated as follows: Fig. 13 , as the number of repetitions increased from 1 to 5, R MnO/FeO increased. Therefore, the multi-step oxidation treatment is an effective measure to produce oxidized slag with a high Mn/Fe ratio for the raw material of the Fe-Mn alloy. The Mn yield of each step was not high, and it decreased with the number of repetitions. This indicates that, in each step, only about 30 % of Mn was oxidized, but the residual Mn in the matte was oxidized in the following steps until it decreased to a sufficiently low level. In every case, as the FeO/SiO 2 ratio decreased, R MnO/FeO increased linearly, but the Mn yield decreased when the ratio decreased to 0.3 or less. Therefore, the optimum ratio of FeO/SiO 2 in the oxidized slag is considered to be about 0.3.
Conclusion
Because the amount of Mn consumed as an alloying element in the steelmaking process is almost equal to the amount of Mn disposed in steelmaking slag in Japan, the authors propose an innovative process to recycle Mn from steelmaking slag. In this process, first, steelmaking slag is sulfurized to separate P and Mn, and then the matte is oxidized to increase the Mn/Fe ratio. The equilibrium distribution ratio of Mn, Fe, and Ca between the slag and matte has already been clarified. To design an industrial process, a kinetic model to simulate the various reactions that occur simultaneously between the matte and slag was developed by applying the coupled reaction model, which was originally developed to calculate the reaction kinetics that occur between the molten slag and the metal phases. In this model, reactions are described using the double film theory, while assuming equilibrium conditions at the slagmetal interface, and the molar flux density is expressed as a function of the oxygen activity at the interface. This model was applied to the reaction kinetics between the molten slag and matte, and in this case the molar flux density was expressed as a function of the ratio of the partial pressures of oxygen and sulfur at the interface. Fig. 13 The influence of FeO/SiO 2 on the Mn ratio of slag and Mn yield after the multi-step oxidation treatment for various times The calculation results agreed well with the concentration changes of each element in the matte and slag obtained by the experiments. With this model, the optimum conditions for the treatment were discussed, and a multi-step sulfurization and oxidation treatment were proposed.
